OBJECTIVES: It has been demonstrated that circulating monocytes relocate to the intestinal mucosa during intestinal inflammation, but the phenotype and inflammatory mechanisms of these monocytes remain poorly understood. Here, we have investigated blood monocytes expressing high levels of HLA-DR and CCR9 in patients with inflammatory bowel disease (IBD). METHODS: Fifty-one patients with mild to severe ulcerative colitis (UC; n ¼ 31; UC-DAI 3-12) or Crohn's disease (CD; n ¼ 20; Harvey-Bradshaw indices (HBI) 2-16) were included together with 14 controls, during IBD therapy for four consecutive weeks. The frequency of CD14 þ HLA-DR hi monocytes was monitored weekly in peripheral blood, using flow cytometry. The surface phenotype and cytokine profile of these monocytes were established using flow cytometry and real-time PCR. Clinical parameters were assessed weekly in all patients. RESULTS: The frequency of circulating CD14
INTRODUCTION
Crohn's disease (CD) and ulcerative colitis (UC) (inflammatory bowel diseases, IBDs) are chronic, inflammatory disorders of the gastrointestinal tract resulting from a disrupted balance between the mucosal immune system and commensal flora. To date, the immunological pathophysiology behind IBD remains poorly understood. Traditionally, adaptive immunity was believed to have an important role in the onset of IBD. Studies in patients and animal models have shown that CD is driven by T-helper 1 signaling with interleukin (IL)-12 and interferon-g production, whereas UC is characterized by T-helper 2 responses and IL-13. 1 However, the Th1/Th2 paradigm has been questioned over the past decade. 2 Since the discovery of the NOD2/CARD15 susceptibility locus that encodes a pattern recognition receptor mainly expressed on dendritic cells (DCs) and monocytes, the focus of IBD research has shifted toward innate immunity. 3, 4 Currently, innate mechanisms are believed to be responsible for the onset of acute mucosal inflammation in genetically susceptible individuals, whereas the chronic state might be maintained by adaptive elements. 5 Monocytes are bone marrow-derived leukocytes of the myeloid lineage that migrate to the tissue and differentiate into macrophages or DCs. Increased turnover rates and elevated levels of circulating monocytes have been demonstrated in IBD. 6, 7 Furthermore, monocytes have the ability to migrate to the inflamed mucosa and mediate inflammation, but the phenotype of these monocytes as well as the mechanisms underlying this relocation remains to be elucidated. [8] [9] [10] Currently, two main human monocyte subpopulations have been characterized. The CD14 þ CD16 À cells have been shown to produce the regulatory cytokine IL-10 and are most commonly referred to as classical monocytes. The CD14 lo CD16 þ subset is characterized by production of pro-inflammatory cytokines as well as high surface expression of inflammatory markers, such as CD43. [11] [12] [13] However, a larger degree of heterogeneity among human myeloid cell populations with regard to their surface antigen expression as well as their functionality has lately been observed.
Reports have established that myeloid-derived suppressor cells, characterized by their lack of expression of classical myeloid markers such as CD14 and HLA-DR, have the ability to significantly suppress antigen-specific T-cell responses in cancer patients. 15, 16 It has also been shown that patients with IBD display elevated levels of functionally suppressive HLA-DR À myeloid-derived cells, reflecting the need for immunosuppression in the state of disease. 17 It has been demonstrated that monocyte HLA-DR expression has an important role in conditions characterized by immune responses against bacterial agents. 18, 19 Although the CD14 þ CD16 À subset has been reported to express HLA-DR, the specific contribution of CD14 þ HLA-DR hi monocytes to intestinal inflammation has not been studied. As it is well established that induction of colitis in human as well as in animal models requires the presence of bacteria, we set out to study CD14
þ HLA-DR hi monocytes in patients with chronic intestinal inflammation. 20 
MATERIALS AND METHODS
Patients. In total, 51 IBD patients (UC ¼ 31 and CD ¼ 20) were included in this study ( Table 1 ). The patients were monitored during treatment with corticosteroids (n ¼ 16), the antitumor necrosis factor (TNF)-a antibodies infliximab or adalimumab (Remicade or Humira; n ¼ 17), or granulocyte/ monocyte apheresis (GMA; Adacolumn; n ¼ 18). Four to six biopsies from affected rectum and sigmoid colon were collected together with blood samples before the start of treatment, followed by analysis of intestinal and blood specimens after 1-2 weeks and 4 weeks into treatment. Patients were clinically assessed using the UC-DAI (UC) and Harvey-Bradshaw (HBI; CD) indices. For glucocorticoid-and anti-TNF-treated patients, the response was evaluated at week 5, and GMA-treated patients were assessed at week 11 post treatment, owing to the delayed response observed in this treatment group. Clinical remission was defined as o3 for UC-DAI and o5 for HBI. 8, 21 Fourteen controls without IBD were included in the study. All patients were enrolled through formal consent, and the study was approved by the regional ethics committee.
Leukocyte isolation and activation. For flow cytometry studies, peripheral blood mononuclear cells (PBMCs) were obtained from heparinized whole blood by incubation in hypotonic buffer (160 mM NH 4 Cl, 10 mM Tris-HCl, pH ¼ 7.4). For PCR and CCL25 depletion experiments, PBMCs were obtained from anticoagulated healthy donor buffy coats by density gradient centrifugation using Ficoll-Paque (GE Healthcare, Amersham, UK). For PCR experiments, CD14 þ monocytes were negatively isolated using Monocyte Isolation Kit II (Miltenyi Biotec, Bergisch Gladbach, Germany). Monocytes were subsequently activated with LPS (lipopolysaccharide; Sigma, St Louis, MO, USA) (200 ng/ml/ 10 6 cells) for 2 h (TNF-a PCR) or 6 h (PCR array) in RPMI medium (Thermo Scientific Hyclone, Waltham, MA, USA) supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 1% PEST (penicillin-streptomycin).
Flow cytometry. PBMCs were stained for flow cytometry analysis or sorting using combinations of the antibody conjugates described in Table 2 . All stainings were carried out according to the instructions of the manufacturer of the respective antibody conjugate. Isotype-and fluorochromematched control antibodies were used to define chemokine receptor expression in Figures 5 and 6 . Flow cytometry analyses and sorting experiments were carried out using a FACSAria cytometer and data were analyzed using FACSDiva software (BD Biosciences, San Jose, CA, USA).
PCR experiments. For TNF-a PCR experiments, RNA isolation was performed using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA). For the CCL25 experiment, intestinal . TNF-a PCR experiments were performed on an iCyclerIQ Optical System using 2 Â IQ SYBR Green supermix and iCycler IQ Optical System Software v3.1 (Bio-Rad) for data retrieval. The CCL25 PCR was performed on a CFX96 PCR system (Bio-Rad) using Go-Taq hotstart polymerase (Promega, Madison, WI, USA). In the TNF-a and CCL25 experiments, expression levels were normalized to RNA polymerase II using the 2 À DDCt method. Primers used were TNF-a forward
, and CCL25 Taqman probe (5 0 -FAM-ACTGCTGCC TGGCCTACCACTACCC-TAMRA-3 0 (Cybergene, Huddinge, Sweden). CCL25 primer sequences were adopted from Eksteen et al. 22 For CCL25 PCR array analyses, expression levels were normalized to the arithmetic mean expression of the B2M, HPRT1, RPL13A, GAPDH, and ACTB housekeeping genes, using the 2 À DDCt method.
CCL25 depletion assay. Biotinylated CCL25 (Almac Sciences, Craigavon, UK) was bound to a solid support consisting of a streptavidin-sepharose matrix (GE Healthcare). PBMC from six healthy donors was perfused through the device, and CCR9 expression was analyzed before and after using flow cytometry.
Statistical analyses. All group analyses were carried out using two-tailed-dependent Student's t-test (Figures 4 and 6 When analyzing blood from patients and controls, we found that active inflammation in the colon correlated to a significantly higher frequency of HLA-DR hi monocytes compared with the control group (Figure 2a , P ¼ 0.006). In addition, a correlation was observed with disease activity and the prevalence of HLA-DR hi monocytes in UC (UC-DAI) (Figure 2b ; P ¼ 0.0137, r 2 ¼ 0.072) and CD (HBI) (Figure 2c ; P ¼ 0.0182, r 2 ¼ 0.1898).
CD14
þ HLA-DR hi monocytes are potential therapeutic targets and markers of inflammation in colitis. Next, we investigated whether the CD14 þ HLA-DR hi population was affected by conventional IBD therapy. Patients with active intestinal inflammation who received either corticosteroids or anti-TNF-a antibodies (infliximab or adalimumab) were monitored for 5 consecutive weeks. A patient group treated with GMA was included for comparison, considering the selective removal of monocytes associated with Adacolumn. 23 When these treatment regimens were plotted separately, the patient group receiving GMA therapy accounted for the most prominent decrease (Figure 3a) . The monocyte population was also attenuated after only 1 week of therapy among corticosteroid patients. The suppression was maintained, reaching levels well below those of healthy control patients at week 4 ( Figure 3b , Po0.05). The decreased population of CD14 þ HLA-DR hi during treatment was not influenced by the diagnosis UC or CD, extension of the disease in the colon, concomitant azathioprine treatment, or gender (data not shown). The treatment groups were too small to allow for any comparison between responders and nonresponders. However, adding the patients of the GMAand corticosteroid-treated groups together, the HLA-DR hi population was significantly decreased after 4 weeks of treatment (16.95±1.80-9.68±0.75; Po0.001) in those who achieved remission. This was not observed among the nonremission patients (15.36 ± 1.66-11.85 ± 1.73; not significant). Interestingly, biological therapy with antibodies against TNF-a did not significantly affect the proportion of CD14 þ HLA-DR hi monocytes (Figure 3c ). Among these patients, CD14
þ HLA-DR hi never reached the reference level observed in the controls.
þ HLA-DR hi monocytes produce high levels of inflammatory mediators. With the purpose of investigating the capacity of CD14 þ HLA-DR hi monocytes to produce inflammatory mediators, monocytes from healthy blood donors were cultured in the presence of LPS. The HLA-DR hi population and its CD14 þ HLA-DR lo counterpart were subsequently sorted using flow cytometry (Figure 4a ). The two cell populations were investigated with regard to the production of the pro-inflammatory cytokine TNF-a. Interestingly, the CD14 þ HLA-DR hi population produced 500-fold increased levels of TNF-a transcripts upon LPS stimulation compared with the CD14 þ HLA-DR lo cells (Figure 4b ). Furthermore, PCR array analyses were carried out on sorted
þ HLA-DR hi monocytes from three independent donors after activation with LPS in order to establish the distinctive phenotype of the population. In accordance with our hypothesis, several gene transcripts described as being involved in monocyte-mediated immune responses were upregulated in the CD14 þ HLA-DR hi monocytes. Increased gene expression was mainly found among chemotactic cytokines and genes involved in the humoral immune response (Figure 4c ; Supplementary Table) . The most prominent fold-change difference between the CD14 þ HLA-DR hi and the CD14 þ HLA-DR lo monocytes was observed for the chemotactic cytokine CCL4. The transcript with the most apparent downregulation among HLA-DR hi monocytes was the HDAC4 gene that encodes a histone deacetylase that functions as a transcriptional repressor. 24 Together, these data show that CD14 þ HLA-DR hi monocytes have strong pro-inflammatory potential.
þ HLA-DR hi monocytes express the gut-homing chemokine receptor CCR9. Next, we studied the surface expression of various chemokine receptors on CD14 þ HLA-DR hi monocytes in relation to the CD14 þ CD16 À and CD14 lo CD16
þ subsets. Although we could observe significant overlap between many of these markers in terms of their expression in the respective subsets, the CD14 þ HLA-DR hi population was clearly distinguished by its expression of CCR7 and CCR9 ( Figure 5 ; Supplementary Figure 1 ). CCR7 is mainly described as a lymph-node-homing receptor for DCs and T-helper cells, and has previously not been reported to be expressed on circulating monocytes. 25 CCR9 has been shown to be important in lymphocyte homing to the gut through interactions with its ligand CCL25, expressed in the intestinal mucosa. 26, 27 Although CCR9-CCL25 interactions have been well characterized in T-helper cells, their role in monocytes is unclear. The general CD14 þ monocyte population exhibited clearly higher CCR9 expression compared with CD3 þ T lymphocytes, which has been described as the main CCR9-expressing cell type (Figure 6a ). When comparing CCR9 expression in CD14 þ HLA-DR hi with CD14 lo CD16 þ and CD14 þ CD16 À monocytes, the HLA-DR hi subset displayed markedly increased levels ( Figure 5; Supplementary Figure 1) . In contrast, the expression of CCR2, a chemokine receptor responsible for general monocyte migration, was not increased on the HLA-DR hi monocytes, indicating that gut-homing phenotype constitutes a specific feature of the monocytes, rather than reflecting general immunological activation ( Figure 5 ; Supplementary  Figure 1) . 29 In conclusion, pro-inflammatory CD14 þ HLA-DR hi monocytes express high levels of the gut-homing chemokine receptor CCR9, which directs them to the site of mucosal inflammation.
CCR9 expression on CD14
þ monocytes is significantly increased during active intestinal inflammation. After establishing that CCR9 is indeed expressed on human monocytes, we investigated monocytic CCR9 expression levels during active colonic inflammation. In patients with active IBD, we observed significantly increased CCR9 expression levels on CD14 þ monocytes compared with healthy controls (Figure 6a ; Po0.01). The same pattern was observed on CD3 þ lymphocytes, although the levels were generally lower (Po0.01).
We also analyzed colonic mucosal tissue biopsies with realtime PCR and found that the CCR9 ligand, CCL25/TECK, was expressed in the colon (Figure 6b ). To establish a functional interaction between CCL25 and CCR9, we carried out depletion experiments by perfusing peripheral blood cells through a solid support containing CCL25-coated sepharose beads. The frequency of CCR9-positive CD14 þ HLA-DR hi monocytes was significantly reduced after encounter with the CCL25-coated sepharose beads, showing that CCR9 on CD14 þ HLA-DR hi monocytes could bind CCL25 and be removed from the blood (Figure 6c ; Po0.05). These results indicate that CCR9 expressed on monocytes may functionally interact with colonic CCL25/TECK and has a role in human colonic inflammation.
DISCUSSION
In this study, we identify CCR9-expressing CD14 þ HLA-DR hi blood monocytes as an important factor in intestinal inflammation. The expression of HLA-DR on monocytes is vital to the inflammatory response and has been shown to determine the efficacy of antigen presentation to T-helper cells. 30, 31 Monocytes with high expression of HLA-DR have also been shown to infiltrate the joints of patients with rheumatoid arthritis, an inflammatory disease successfully treated with TNF-a antibodies. 32 In addition, carrying the class II HLA-DRB1*0103 allele correlates with an increased risk for developing UC. Several studies have suggested that monocytes per se are targeted by conventional IBD therapy. 6, 34, 35 Our results suggest that specific downregulation of the HLA-DR hi subpopulation may be an important mechanism behind resolution of the inflammation. In this study, patients treated with GMA were added for comparison, as Adacolumn is the only treatment specifically targeting circulating monocytes. These cells are removed through Fcg receptor binding to the cellulose acetate beads in the column, leaving circulating T cells unaffected. 23 Corticosteroid therapy mediates a decrease in the number of circulating CD14 þ HLA-DR hi monocytes that is comparable to GMA (Figure 3b ). Surprisingly, patients subjected to biological treatment did not display a decrease of pro-inflammatory monocytes (Figure 3c ). We speculate that by removing TNF-a, one of the main products of these monocytes, autocrine feedback mechanisms leading to cellular activation might be induced. The observation underscores the difference in mode of action between anti-TNF-a antibodies and corticosteroids, and should be further investigated, as anti-TNF-a failure may partly depend on the monocytes' production of additional pro-inflammatory chemokines, cytokines, and integrin receptors counterbalancing TNF-a suppression.
Classically, leukocyte populations have been defined through their capability to produce inflammatory mediators such as cytokines and chemokines. In order to gain a functional understanding of how CD14 þ HLA-DR hi monocytes mediate inflammation, we investigated their pro-inflammatory potential at the messenger RNA level compared with their HLA-DR lo -expressing counterpart. In this context, the HLA-DR hi subset produced markedly elevated levels of gene transcripts associated with activation and pro-inflammatory phenotype. The population displayed a 500-fold increase of TNF-a transcript levels, which establishes the HLA-DR hi subset as one of the most important producers of this cytokine. Other genes were also investigated by PCR array analysis, revealing the highest upregulation in CCL4, CCL3, and IL-1b, all cytokines previously described as being involved in the recruitment of inflammatory cells to the intestinal mucosa in IBD (Figure 4d) . [36] [37] [38] [39] [40] The most prominent difference was observed in the CCL4/ MIP-1b gene, with upregulated transcript levels of more than 300-fold. The inflammatory role of CCL4 was reported by Bystry et al., 36 who demonstrated that activated T-helper cells efficiently migrate toward a CCL4 tissue gradient through CCR5 interaction. Thus, our finding that CCL4 transcripts were produced in high levels by CD14 þ HLA-DR hi monocytes supports their inflammatory potential. 41 The transcript with the most apparent downregulation in HLA-DR hi monocytes was the HDAC4 gene that encodes a histone deacetylase that functions as a transcriptional repressor. 24 Together, these data indicate that CD14
þ HLA-DR hi is a transcriptionally active subset that readily expresses genes important for mediating mucosal immune responses.
On the surface level, CD14 þ HLA-DR hi monocytes only partially express CD16, suggesting that the population constitutes a separate subset that is not included in its entirety when defining pro-inflammatory monocytes through their expression of CD14 lo CD16 þ (Figure 1 ). The population is further defined by its expression of CCR7 and the gut-homing receptor CCR9, which clearly distinguishes HLA-DR hi monocytes from the CD14 þ CD16 À and CD14 lo CD16 þ subsets ( Figure 5; Supplementary Figure 1) .
In the context of intestinal inflammation, interactions between CCR9-expressing T cells and CCL25 (TECK) expressed in the gut epithelium have been implicated as an important mechanism for recruiting circulating lymphocytes to the intestinal mucosa. 26 However, whether this mechanism also applies to the extensive infiltration of blood monocytes to the intestinal mucosa observed during inflammation has never been studied. 42 It was recently shown that CCR9-expressing monocytes are increased in the peripheral blood of patients with rheumatoid arthritis. In accordance with the results from this study, we show that the CD14 þ CD16
À and CD14 lo CD16 þ subsets express similar levels of CCR9. 43 Those levels were notably superseded by the CCR9 expression on CD14 þ HLA-DR hi monocytes ( Figure 5 ; Supplementary Figure 1) . Interestingly, this expression was considerably higher than that observed on T cells, which are considered to be the main CCR9-carrying cell type (Figure 6a) . 28 In contrast, the expression of CCR2, another chemokine receptor important for monocyte relocation in several disease groups, was not increased on HLA-DR hi monocytes ( Figure 5; Supplementary Figure 1) . 29 This suggests that the specific increase in CCR9 expression among CD14
þ HLA-DR hi may reflect a gut-specific phenotype, rather than a generally activated subset. CCL25, the ligand for CCR9, was found to be expressed in mucosal tissue by QT-PCR analysis, which is supported by other reports identifying CCL25 in the colon in mice (Figure 6b) . 27, 44 Interestingly, colonic CCL25 messenger RNA levels were consistently higher in pretreatment samples (UC-DAI 7-8, HBI 9; n ¼ 3) compared with samples from the same patients Our data also show that CCR9 expression levels on circulating blood monocytes are significantly increased in patients with active colonic inflammation (Figure 6a ). In conclusion, these data suggest that monocytes in general and CD14
þ HLA-DR hi in particular possess the ability to relocate to the intestinal mucosa through CCR9-CCL25 interactions, particularly in patients with active disease.
T cells have been shown to acquire their CCR9 expression through retinoic acid-dependent imprinting by mesenteric lymph node DCs. 45 The issue of whether CCR9 expression on monocytes is acquired through similar mechanisms seems controversial, especially as blood monocytes are not known to traffic lymph nodes to the same extent as T cells. Here, we show that CD14 þ HLA-DR hi monocytes are defined by their high expression of CCR7, a marker mainly described as a lymph-node-homing receptor for DCs and T-helper cells ( Figure 5; Supplementary Figure 1) . 25 Therefore, it is tempting to speculate that CCR7-expressing CD14 þ HLA-DR hi monocytes traffic the lymph nodes to a higher extent than has previously been known, and that CCR9 imprinting in these monocytes may occur through mechanisms similar to those reported in T cells. Being beyond the scope of this study, the mechanisms behind CCR9 induction in monocytes, as well as the functional role of their CCR7 expression, need to be addressed in the future.
In this study, we have shown that CD14 þ HLA-DR hi blood monocytes are increased in patients with active intestinal inflammation. This subset is distinguished by its capability to produce pro-inflammatory cytokines and its expression of CCR9 that may direct the monocytes toward CCL25 gradients produced in the inflamed colon during IBD. In summary, these findings indicate that CD14 þ HLA-DR hi blood monocytes have an important role in IBD and that future studies evaluating these monocytes as specific targets for IBD therapy are highly indicated.
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